Potent inhibition of cell proliferation was found for commercial preparations of bovine -lactalbumin on cultured intestinal cell line IEC-6 albeit lot-dependent. The inhibition was irreversible and a single exposure to the culture medium containing -lactalbumin of an active lot for a period as short as 30 min was enough to provoke cell death, possibly through apoptosis. The oligomer fraction from size exclusion chromatography was significantly robust, while the monomer fraction remained totally inert, in inducing cell death. Incubation at 37 C for 5 d with 30% trifluoroethanol in acetate, pH 5.5, in a slowly rotating test tube rendered the monomer fraction cytotoxic. Again, the resulting inhibitory activity was found in the oligomer fraction from size exclusion chromatography, with emergence of subtle peaks at 22-and 30-kDa. Furthermore, the occurrence of SDS-stable 30-kDa as well as 20-kDa bands on electrophoresis was a common feature forlactalbumin with the activity inducing cell death. Thus, a certain dimeric state can be implicated in the cytotoxicity of bovine -lactalbumin.
Homeostasis of gut epithelium is maintained by a dynamic equilibrium between cell proliferation at the crypt and cell apoptosis and extrusion at the tip of the villus. 1) This entire sequence of cell proliferation is regulated by tissue-specific programmed gene expression and by extrinsic factors such as nutrients and growth factors.
1) The variety of foodstuff also has potential in regulating intestinal cell growth.
Milk is the essential natural food for newborn animals to grow, and so some milk whey proteins might have the ability to affect intestinal cell growth. Whey proteins represent 20% of the nitrogen in bovine milk, and the major proteins are -lactoglobulin (50%), -lactalbumin (20%), immunoglobulin (10%), and serum albumin (10%). -lactalbumin (-LA) is a protein with a molecular mass of 14-kDa present in the milk of all mammals. 2, 3) The protein is a calcium metallo-protein, essential for folding and structural stability. 4) Its main biological function is to act as a specifier protein for lactose synthetase in the formation of lactose from galactose and glucose.
2) Recently, human -LA has been shown to induce apoptosis in transformed and immature cells while sparing healthy epithelial cells. 5) Apoptosisinducing -LA was first purified from the casein fraction. Later it was shown to be converted from monomer by removing Ca 2þ with EDTA followed by the application to an oleic acid conditioned ionexchange matrix. 6, 7) In our studies of bovine milk whey proteins and their biological functions, we noticed that some commercial preparations of bovine -LA have direct cytotoxicity to the IEC-6 cell, a non-transformed crypt cell line derived from the rat small intestine. Hence, the aim of the present study was to investigate the molecular basis of the cytotoxicity of bovine -LA.
Material and Methods
Materials. The bovine -LA used in this study was purchased from Sigma (St. Louis, MO, Product Number L 5385). All chemicals used were reagent grade.
Cell line. IEC-6 cells were from the American Type Culture Collection (ATCC, Rockville, MD). The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (ICN Biomedicals, Aurora, OH) supplemented with 10% fetal calf serum (FCS) (Hyclone, Salt Lake City, UT), 0.1 mM nonessential amino acid, 0.05 mg/ml penicillin, and 0.1 mg/ml streptomycin (control culture medium) in an incubator with a humidified atmosphere and 5% CO 2 at 37 C. The cells were subcultured every 5 d with medium change once. The cells used were within 50 th passage.
Cell proliferation assay (WST-1 method). Cells (1 Â 10 4 cells/ml, 100 ml) in the control culture medium were seeded into 96-well plates (NUNCÔ, Roskilde, Denmark), incubated for 5 h until the medium was replaced with experimental medium containing -LA, and cultured at 37 C with medium change every 2 d. The assay was done using a Cell Counting Kit (Wako Pure Chemical, Tokyo) according to the manufacture's instructions. In this assay, the amount of formazan formed, reflecting LDH activity, was measured. Briefly, y To whom correspondence should be addressed. Tel/Fax: +81-58-293-2926; E-mail: kanamaru@cc.gifu-u.ac.jp after incubation for an indicated period, the experimental medium was aspirated from each well and replaced with the control culture medium. Each well was then supplemented with 10 ml of WST-1 solution (5 mM WST-1, 20 mM HEPES, 0.2 mM 1-Methoxy PMS), incubated for 2 h, and 100 ml of 0.1 N HCl solution, and then the absorbance of each well was determined at 450 nm.
Cell viability. For the assay, 50 ml of the washed trypsinized cell suspension was mixed with 50 ml of a 0.3% trypan blue solution and the number of viable cells per 100 cells was determined using a hemocytometer.
Incorporation of
3 H-thymidine. DNA synthesis in IEC-6 cells was evaluated on the basis of incorporation of 3 H-thymidine into the cells. 8) IEC-6 cells at the confluent stage in the control culture medium were trypsinized and then suspended in the medium to obtain 1 Â 10 4 cells/ml, and then 0.5 ml of the suspension was seeded into a 48-well plate (Falcon, Franklin Lakes, NJ). After pre-incubation for 5 h, the medium was replaced with experimental medium containing -LA. After incubation for 18 h, 100 ml of 3 H-thymidine medium (1 mCi/ml) was added. After another incubation for 5 h, the cells were washed with phosphate-buffered saline (PBS) and cold trichloroacetic acid respectively. DNA was harvested with 1% SDS/0.1 M NaOH and the radioactivity was measured in a Packard Tri-Carb 2500 TR liquid scintillation counter (Global Medical Instrumentation, Albertville, MN).
DNA fragmentation (ELISA).
The presence of cytoplasmic nucleosomes in IEC-6 cells exposed to bovine -LA was determined using a Cell Death Detction ELISA kit (Boehringer Mannheim, Tokyo), according to the manufacturer's instructions. This method is a quantitative sandwich enzyme immunoassay that uses two kinds of mouse monoclonal antibodies directed against DNA and histone respectively. Briefly, IEC-6 cells (10 4 cells/ml, 100 ml) were plated in 96-well plates (NUNCÔ) in the control culture medium. After incubation for 5 h, the medium was replaced with experimental medium containing -LA. After another incubation for 12 h, the cells were washed with PBS and lysed. Then the mono-and oligonucleosomes in the cytoplasmic fraction of the cell lysates were captured onto the ELISA plate, and the immunocomplex was detected photometrically at 405 nm.
Size exclusion chromatography. The protein was subjected to size exclusion separation on a Superdex 75 HiLoadÔ 16/60 column (Amersham Biosciences, Piscataway, NJ) connected with an AKTA explorer 10 system (Amersham Biosciences). The column was equilibrated with 50 mM sodium phosphate buffer, pH 6.0, and the flow rate was 1 ml/min. Peaks were monitored at 280 nm and 2-ml fractions were collected. The pools were desalted using a HiPrepÔ 26/10 desalting column (Amershan Biosciences) and then lyophilized.
SDS-PAGE. SDS-PAGE was performed using 15% polyacrylamide precast gels on the mini PROTEAN II electrophoresis cell (Bio-Rad, Hercules, CA) by the method of Laemmli. 9, 10) Proteins were dissolved in the sample buffer (0.01 M Tris-HCl buffer pH 6.8 containing 20% glycine, 1% SDS, and 5 mM EDTA, plus 5% -mercaptoethanol) by heating for 5 min in boiling water. Samples (10 ml) were then loaded onto the gel, which was run in a Tris glycine buffer, pH 8.3, with 0.1% SDS. After electrophoresis, the gel was stained with Coomassie Brilliant Blue (CBB).
Immunoblotting. Proteins separated by SDS-PAGE were transferred on to a polyvinylidene difluoride (PVDF; Millipore, Bedford, MA) membrane by electrophoresis with a mini Trans-blot electrophoretic transfer cell (Bio-Rad) according to Towbin et al. 10, 11) For immunoassay, the membrane was rinsed two times with Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.5 containing 150 mM NaCl), and incubated at 37
C for 1 h in 2% BSA/TBS buffer. After rinsing two times with TTBS (TBS plus 0.05% Tween 20), the membrane was incubated for 1 h with 1:2000 diluted goat anti-bovine -LA antibody (affinity purified, Bethyl, Montgomery, TX), rinsed two times with TTBS, and finally incubated 1 h with 1:500-diluted peroxidase-conjugated affinity purified rabbit antibody to goat IgG (ICN Biomedicals). The reacted proteins were visualized with 0.02% diaminobenzidine in 15 mM phosphate buffer, pH 6.8.
N-Terminal amino acid analysis. After SDS-PAGE, the protein bands were transferred by Western blotting onto a PVDF membrane (Millipore). The protein bands were visualized by Coomassie Blue stain and the stained bands were cut out for protein sequencing. All samples were subjected to a protein sequencer (ProciseÔ HT 491, Applied Biosystems, Framingham, MA), which determined the first 10 residues.
Conversion of -LA to a cytotoxic protein. The monomer form of -LA purified by gel filtration chromatography as described above was dissolved in 30% trifluoroethanol/50 mM acetate (pH 5.5) buffer at 0.5 mg/ml, 12) filtered through a 0.22 mm-filter, and incubated at 37 C for 5 d in a slowly rotated (4 rpm) test tube on a Versatile Tube Rotator (Miltenyi Biotec, Gladbach, Germany).
13) The resulting solution was desalted by dialysis (Spectra/Por, regenerated cellulose dialysis membrane with a cut-off of 10 kDa, Spectrum Medical Industries, Laguna Hills, CA) for at least 48 h and lyophilized.
Statistical analysis. Statistical analysis of differences was done by Student's t-test. The level of significance was set at p < 0:001.
Results
Inhibition of cell growth with bovine -LA In the context of the possible influence of ingested milk proteins on intestinal cell growth, we first examined the effect of bovine -LA at a concentration of 1 mg/ml on the proliferation of IEC-6 cells because protein level in cow's milk.
2) As shown in Fig. 1A , potent inhibition of cell growth was observed when IEC-6 cells were cultured in DMEM supplemented with 10% FCS in the presence of a commercial bovine -LA preparation (lot 76H7130). In contrast to the vital growth in the control culture medium without this protein, no indication of cell proliferation was detected at any culture period. On the other hand, a different lot (60K7001) of the same commercial -LA product at the same protein level did not show any inhibitory effect under the same cell culture condition. The cells grew in almost the same manner as in the control culture medium (Fig. 1B) . Growth inhibition, however, was revealed with increasing -LA concentrations, with 5 mg/ml being as potent as 1 mg/ml of the former lot of 76H7130. The lot dependence of the inhibitory potency was further obvious when another lot (12K7048) was used, which was found to be totally inert even when the cells were exposed to a higher concentration (10 mg/ml) of this -LA (Fig. 1C) . These results indicate that the commercial product of bovine -LA contains a certain component(s) that exert inhibitory action on the proliferation of IEC-6 cells and that its quantity differs significantly among lots. Moreover, the inhibition by the active lots (76H7130 and 60K7001) was irreversible and influenced cell growth very rapidly. Only a single exposure for a period of as short as 30 min was enough for the cells to arrest proliferation apparently for 4 d (see insets of Figs. 1A and 1B). Similar inhibitory action was found irrespective of the level of FCS supplemented in the cell culture medium, and remarkable inhibition was observed consistently for these lots either without FCS or in the presence of 15% FCS (results not shown).
Cell death induced by bovine -LA In order to determine whether the observed inhibition of cell proliferation was through induction of cell death or cell cycle arrest, we further characterized the inhibitory action of the most active lot of -LA (76H7130).
3 H-thymidine incorporation by the cells was almost entirely blocked by exposure to this -LA at a concentration of 1 mg/ml ( Fig. 2A) . Also, the viable cells were scarce only after 2 d culture of IEC-6 cells in IEC-6 cells were incubated for up to 6 d at 37 C in DMEM supplemented with 10% FCS in the absence (control) or presence of -LA (A, lot no. 76H7130; B, lot no. 60K7001; C, lot no. 12k7048). Cell growth was monitored by the WST-1 method, as described in ''Materials and Methods''. The concentrations of -LA used were: 0 mg/ml ( ); 1 mg/ml (Â); 2 mg/ml ( ); 3 mg/ml ( ); 5 mg/ml ( ); 10 mg/ml ( ). Insets show inhibition of cell growth when IEC-6 cells were exposed initially to a test medium containing 1 mg/ml (A) or 5 mg/ml (B) of -LA for 30 min followed by incubation in a medium without -LA. Control, open bars; -LA, closed bars. Each measurement of cell growth was done in quadruplicate, and the mean values with standard error (vertical bars) are given.
the presence of -LA (Fig. 2B) . Thus the -LA preparation is highly cytotoxic and IEC-6 cells die when exposed to this -LA. In addition, under microscopic observation we noticed remarkable cell shrinkage after 2 d of culture in the presence of the active -LA preparations (results not shown). An indication of apoptosis was obtained by an experiment for DNA fragmentation when the presence of cytoplasm nucleosomes was determined using a Cell Death Detection ELISA kit. As shown in Fig. 2C , absorbance at 405 nm, which is indicative of the amount of mono-and oligonucleosome, was significantly higher for the cell lysate from IEC-6 cells exposed to the -LA than from cells cultured without -LA. These results indicate that the -LA preparation induced cell death on IEC-6 cells through apoptosis. The induction of cell death by the -LA preparation was also demonstrated on IEC-6 cells after reaching confluence (results not shown).
Separation of a cytotoxic fraction from bovine -LA The data presented above indicate the existence of a certain active component(s) in the commercial preparations of bovine -LA capable of inducing cell death on IEC-6 cells. Since we noticed, on size exclusion chromatography, a subtle peak eluting in advance of the major monomer peak of -LA, the separation of these two peaks was carried out using a Superdex 75 prep grade column. Figure 3A shows a representative elution profile of the inert lot of -LA (12K7048). Proteins eluting in the first fraction (F 1 ) were too scarece to be recognized in a normal chromatogram, as shown in Fig. 3A , while the second fraction (F 2 ) appeared as just a single peak. But, when the scale of the vertical axis was set at a maximum of 10 mAU, protein elution in F 1 became obvious in three discrete peaks corresponding to the void volume, 30-, and 22 kDa, as shown in the inset of Fig. 3A . The elution profiles of the two other lots of -LA (active in proliferation inhibition) were similar to the figure, but the elution of proteins in the F 1 fraction was more obvious (results not shown). The SDS-PAGE patterns of the fractions obtained are shown in Fig. 3B . The protein bands corresponding to 30-and 20-kDa, as well as 14-kDa major monomer -LA, were clearly detected by CBB staining, all of which were recognized by anti--LA antibodies on the immunoblotting membrane. Furthermore, the N-terminal sequence of the first 10 amino acids of these bands was found to be identical to the reported one (GGLTLCGVFR).
2) The N-terminal sequence of -lactoglobulin was also detected in the 20-kDa band, indicating trace contamination of this protein.
The results of cell proliferation assay of the fractions are shown in Fig. 3C . Potent cytotoxic activity was dramatically revealed for F 1 from the inert -LA preparation (12K7048), while F 2 did not exhibit any effect on the growth of IEC-6 cells. In comparison, F 1 from the second active -LA preparation (60K7001) was found to be more potent in inhibition of cell proliferation (Fig. 3C) , indicating that the amount of the active component(s) meight be higher in this preparation than in the inert one. Altogether, these results strongly indicate that the cytotoxic activity of the bovine -LA preparations can be attributed to a certain oligomeric After IEC-6 cells were incubated for 2 d at 37 C in the DMEM supplemented with 10% FCS in the absence (control) or presence of 1 mg/ml of -LA (lot 76H7130), DNA synthesis in the cells by measuring 3 H-thymidine incorporation (A) or cell viability by a trypan blue exclusion method or nucleosomal DNA fragments by an ELISA method (C) were determined. Each value represents the mean AE SD for quadruplicate measurements.
ÃÃÃ p < 0:001 as compared with the control value. For experimental details, see ''Materials and Methods''.
form(s) of this protein, whose amount determines the potency of the bovine -LA preparations.
Conversion of monomeric -LA into cytotoxic oligomeric form
In order to exclude possible contamination of the -LA preparations by some negative growth factor such as transforming growth factor-, 14, 15) and to confirm the involvement of certain oligomeric forms of -LA in cytotoxic activity, we tried finally to convert monomeric bovine -LA molecules into cytotoxic oligomeric forms.
Among various conditions tested, incubation of F 2 from the inert lot of bovine -LA (12K7048) at 37 C in 30% trifluoroethanol/50 mM acetate (pH 5.5) in a slowly rotating test tube was found be the most successful method. After 5 d of incubation, proteins in the resulting -LA solution (referred to as SRTe5d--LA: -LA slowly rotated in trifluoroethanol for 5 d) were dialyzed and lyophilized. As expected, SRTe5d--LA was found to be highly cytotoxic, inducing cell death in IEC-6 cells (Fig. 4A) . Also, it contained 30-and 20-kDa components, as well as 14-kDa monomeric -LA, as demonstrated by both SDS-PAGE and immunoblotting (Fig. 4C, lane 3) , which were entirely absent before treatment (Fig. 4C, lane 2) . The electrophoretic pattern of SRTe5d--LA was almost identical to that of the -LA preparations active in cell-proliferation inhibition. SRTe5d--LA was then subjected to gel filtration on a Superdex 75 prep grade column and again an elution pattern almost identical to that shown in Fig. 3A was obtained, with subtle but distinct peaks eluting in advance of the predominant monomeric -LA (Fig. 4B) . Furthermore, protein bands with 30-and 20-kDa were predominant in F 1 from SRTe5d--LA, while in F 2 only the 14-kDa monomer band was detected. Finally, in cell proliferation assay a robust inhibiting activity of F 1 against IEC-6 cells was found, whereas F 2 had no significant effect on cell growth. The data presented herein provide evidence indicating that certain oligomeric forms of bovine -LA can induce cell death in IEC-6 cells.
Discussion
The IEC-6 cell line used in this study consists of nontumor intestinal epithelial cells from the rat crypt, and maintains growth ability and displays phenotypes of undifferentiated cells in passage culture. 16, 17) Its differentiation pattern corresponds to that of the small intestinal epithelial cells in vivo. 16, 17) Hence, it has been used as an in vitro model for assessing the effects of C in DMEM supplemented with 10% FCS in the absence (control) or presence of the test sample (5 mg/ml). 1, control; 2, F 1 from the active -LA preparation (lot 60k7001); 3 and 4, F 1 and F 2 from A, respectively. Each value represents the mean AE SD for quadruplicate measurements. ***p < 0:001 as compared with the control value.
varieties of biological substances, including food components, on growth, differentiation, and cell death. In this study, we examined the effect of bovine -LA, a major whey protein in cow's milk, on IEC-6 cell growth.
Growth inhibition by -LA of intestinal cells or other cell types has been reported previously. Multimeric human -LA (recently referred to as HAMLET, human -LA made lethal to tumor cells) induced apoptosis on various transformed, embryonic, and lymphoid cells but spared the mature epithelial element. 5, 6) Human -LA has also been found to inhibit mammary cell growth. 18) Likewise, bovine -LA has been reported to exhibit cytotoxicity on intestinal cell lines 18) and mouse spleen T-and B-lymphocytes. 19) A controversial aspect of these published results is the dose required for the protein used to inhibit cell proliferation. A higher protein level was necessary for HAMLET (0.2 mg/ml) to induce apoptosis in tumor cells, 6) or for bovine -LA (0.1 mg/ml) to kill mouse lymphocytes, 19) whereas 10-to 40-times lower levels of bovine -LA inhibited Caco-2 and HT-29 human intestinal tumor cells, 18) and even growth factor-like doses as little as 5-10 ng/ml has been found for human -LA to inhibit human mammary epithelial cell growth. 20) In the present study, a much higher dose (5 mg/ml) was required for SRTe5d--LA to induce cell death than for HAMLET, although the net amount of active forms of -LA in SRTe5d--LA is probably much less than this dose. It might be worthwhile to note that trifluoroethanol, as a kind of alcohol, is considered to be a non-polar solvent, and that by disrupting hydrophobic interactions, the alcohol denatures the native state of proteins or dissociates protein aggregates into smaller particles, or, ultimately, into separate protein molecules. 21) On the other hand, the strong nonpolarity of the solvent concomitantly strengthens hydrogen bonds, as revealed by helix formation in the presence of alcohol. 21) Thus, trifluoroethanol occasionally results in the formation of intermolecular hydrogen bonds, causing aggregation. 21) The action of the alcohol in disrupting and forming hydrogen bonds might result in only a small amount of SDS-stable oligomeric forms. But, the exact explanation of the dose discrepancy must await further investigation.
The molecular basis for cell growth inhibition of -LA is another aspect that remains to be unraveled. HAMLET or BAMLET (bovine -LA made lethal to tumor cells) is a unique multimeric form of -LA made from apo--LA by passing it through an ''oleic acidconditioned'' ion-exchange column. 7) Removing Ca 2þ to form a partially unfolded apo-state and passing it through the column is necessary for the formation of HAMLET or BAMLET. According to the manufacturer's instructions, the bovine -LA used throughout this study possesses at least one Ca 2þ per molecule. Neither a reagent that makes it an apo-form as EDTA nor oleic acid as a specific cofactor for the formation of BAMLET was employed in this study. Hence, our SRTe5d--LA is likely to be distinct from BAMLET. A recent study 22) found that HAMLET passed through the cytoplasm to the nucleus and accumulated, where it bound the histones, thereby disrupting chromatin structure. But, the interaction between -LA and chromatin does not necessarily require fatty acids regardless of Ca 2þ .
23)
The appearance of both 30-and 20-kDa bands in SDS-PAGE under the reducing condition is a common observation for preparations or fractions of bovine -LA or SRTe5d--LA, all of which invariably show unambiguous growth inhibition on IEC-6 cells. These bands were both recognized by anti--LA antibody and showed an N-terminal sequence identical to bovine -LA. Furthermore, the occurrence of these electrophoretically distinctive higher Mr bands coincide with the emergence of proteins in peaks corresponding to 30-and 22-kDa seen in the oligomer fraction (F 1 ) from gel filtration, eluting ahead of the major peak of the monomeric -LA. Based on their apparent molecular weights and the concomitant appearance in inducing cell death, it is tempting to suggest the implication of a certain dimeric form of bovine -LA in cytotoxic activity, although its exact relevance and the underlying molecular structure cannot be elucidated at present. It meight be that in the process of forming molecular state bearing cytotoxic activity, native -LA monomer transforms into a conformational intermediate, giving an apparent molecular weight of 20-kDa on SDS-PAGE and a 22 kDa peak on gel filtration chromatography, which in turn forms the SDS-stable band and the chromatographic peak of 30-kDa dimer, or possibly, a higher oligomer. Besides, it might be worthwhile to note that the occurrence of SDS-stable oligomeric bands on electrophoresis under the reducing condition has also been reported for disease-related -amyloid protein. 13) In a preliminary experiment, we observed similar cytotoxic activities in some preparations of -LA from normal cow's milk (M. Xu et al., the following paper). The formation of cytotoxic forms might rather be a usual consequence in manufacturing dairy products containing bovine -LA. In addition, dairy products, including infant formulas, appear to be prone to increase in concentration. 3, 24) In the small intestine, a persistent low frequency of spontaneous apoptosis can be seen in the crypts of healthy animals and humans. 25) This is important for maintaining stem cell numbers as a protective mechanism. 26) Ingestion of high levels of cytotoxic bovine -LA can disturb the intestinal tissue homeostasis, increasing epithelial permeability, 27) altering the transmembrane resistance, and leading to alterations in absorption and secretion. 28) Also, enhanced apoptosis inhibits tissue regeneration and restitution. 28) On the contrary, it can be hypothesized that the enhanced apoptosis plays a local role in regulating turnover of the gut epithelium. 29) We have observed that the cytotoxic forms of bovine -LA can induce cell death in the human colon adenocarcinoma cell line Caco-2 (results not shown). Usually we utilize products that contain bovine -LA, and oral exposure to this protein can occur daily. Hence, the physiological significance of inducing cell death by bovine -LA should be carefully investigated further.
